''Chirp'' calls of adult white-nosed coatis (Nasua narica) were measured and compared to determine form and function of these frequently emitted vocalizations. Behavioral contexts during vocalizations were documented, and chirp calls were tape recorded and analyzed using a digital spectrograph. Also, a bat detector was used to determine whether ultrasonic frequencies were emitted in chirps. Duration of the chirp calls was 0.146-0.202 s. Spectrogram analyses revealed that the lowest frequencies of the chirps averaged 4.66-11.83 kHz and that the highest frequencies averaged 1417.66 kHz. Ultrasonic frequencies (30-55 kHz) also were detected in chirp calls. Chirps differed among individuals regarding the differential frequency between the 1st and 2nd resonance bars (P Յ 0.01). Chirps seem to function as contact calls for this social mammal because they were emitted only while coatis were moving. The short duration and high frequency of the calls may allow for contact with nearby group members while minimizing auditory detection by predators. Unique features of each coati's chirp also may allow individual recognition.
Recognizing and emitting intraspecific signals are critical to the success of individuals in a variety of social contexts, such as breeding, foraging, evading predation, and traveling with conspecifics. Coatis (Nasua) are diurnal mammals in the family Procyonidae that inhabit North, Central, and South American tropical and semitropical forests and that are known to emit a variety of vocalizations (Kaufmann et al. 1976; Taber 1940) . Female coatis and their young travel in groups; males are solitary except during the breeding season (Kaufmann 1962) . Acoustic signals in intraspecific communication likely are used in their forest habitat, where visual signals are obstructed easily. A variety of coati vocalizations has been identified and labeled as barking, chirp, chitters, chop-chop, chuckle, * Correspondent: jaclarke@bentley.unco.edu growl, grunt, hiss, and squeal (Gilbert 1973; Kaufmann 1962; Smith 1980) . However, these types of calls were distinguished by auditory means alone, and because of individuality in human hearing and discrimination, comparisons between these types of calls are difficult.
Our goals were to measure the form and identify the potential function of 1 frequently emitted vocalization, the ''chirp'' call. Preliminary observations indicated that this vocalization was a contact call, which is a form of contact behavior involving exchange of acoustic signals (Immelmann and Beer 1989) . We investigated the hypothesis that chirp calls had unique signature characteristics (Beecher 1982) ; signature characteristics would facilitate individual recognition between group members and aid in maintaining group cohesion while avoiding potentially aggressive interactions with unfamiliar coatis (Kaufmann 1962; Russell 1981) . Individual recognition using auditory signals has been indicated for Ն4 primate species (Chapman and Weary 1990; Cheney and Seyfarth 1980; Hammerschmidt and Todt 1995; Macedonia 1986; Snowdon and Cleveland 1980) and other social mammals, including carnivores such as sea otters (Enhydra lutris- McShane et al. 1995) , wolves (Canis lupus- Tooze et al. 1990) , and cheetahs (Acinonyx jubatus- Ruiz-Miranda et al. 1998) , all of which often contend with decreased visibility of group members because of obstructions or distance. Furthermore, vocal recognition between kin (e.g., mother-infant) seems to exist in a procyonid closely related to coatis, the raccoon (Procyon lotor -Sieber 1986) .
MATERIALS AND METHODS
We studied 5 adult white-nosed coatis (N. narica), 4 females and 1 male, all 5 years old. They were housed at the Denver Zoological Gardens, Denver, Colorado, in an indoor-outdoor enclosure. Individual females were easily recognized by distinctive morphological features and designated as D, E, K, and L. The male, C, was physically separated from females (except during breeding, which did not occur during this study) but was in visual and auditory contact. This social situation of a group of related females and a male that is separated from the group approximates conditions in the wild. The coatis were wild born in Honduras in 1989 and obtained by the Denver Zoological Gardens when they were 8-10 weeks of age.
The outdoor area (about 18 m 2 ) was an artificial rock formation, surrounded by a moat that had ledges, pillars, and logs used by the coatis for climbing. The indoor enclosure (about 4 m 2 ) was divided into an area for the females and a smaller area for the male and had nest boxes, logs, and ledges. A separate area, used by the keeper to prepare the coatis' food, also was in the indoor enclosure.
Behavioral observations of the coatis were made from 20 January to 15 March 1994. Sample periods were 3 days each week for 3 h/day during 1000-1500 h. Behaviors were both visually observed and videotaped. Categorization of behaviors was aided by referring to the studies of Kaufmann (1962) and Smith (1980) . The identity of the focal animal, the call type (initially identified using auditory means) emitted, and the activity in which the vocalizing animal was engaged were documented during observation periods.
From March to July 1994, chirp calls were recorded with a Uher CR 160 AV tape recorder (Uher, Munich, West Germany), a Sennheiser K3-U microphone (frequency response ϳ22 kHz; Sennheiser Electronics, Wedemark, West Germany), and Maxell XL II 60 high-bias IEC type II audiotapes (Maxell Corp., Conyers, Georgia). Recording distance to each individual varied from 1 to 3 m because animals moved within their enclosures. Numerous chirp calls for each individual were obtained, but for 1 individual, only 6 were of high quality (those with minimum background noise). Therefore, 6 highquality calls for each individual in the same behavioral context were analyzed using a Kay Elemetrics CSL model 4300B digital spectrograph (Kay Elemetrics, Lincoln Park, New Jersey) using a sampling rate of 50,000 Hz with a digital short-time Fourier transform of 256 points. We considered the lowest measurable band of sound energy on the spectrogram as the 1st resonance bar and the 2nd measurable band of sound energy on the spectrogram as the 2nd resonance bar, similar to the terms used by Davis (1964) and McShane et al. (1995) . Measured variables were the lowest frequency and highest frequency in the chirp calls, duration of the chirp, and the maximum difference between the 1st and 2nd resonance bars at the points of highest amplitude (referred to as the frequency differential). These acoustic variables were examined using nonparametric statistics because data did not meet assumptions required for parametric statistics (Shapiro-Wilks test, P Ͻ 0.05; Glass and Hopkins 1996) . Kruskal-Wallis tests (Siegel 1956) and Mann-Whitney U-tests (Siegel 1956 ) were used to determine whether differences existed between the calls of individuals regarding the lowest and highest frequencies, call duration, and frequency differential between the 1st and 2nd resonance bars (SAS Institute Inc. 1988) . In all situations, significant differences were determined at P Յ 0.05. Additionally, chirp calls of coatis were examined using a S-25 Bat Detector (Ultra Sound Advice, London, United Kingdom) with an SM2 microphone (frequency response TABLE 1.-Spectrogram analyses of the chirp call of 5 white-nosed coatis; means and ranges of the lowest and highest call frequencies and the difference between the 1st (R1) and 2nd (R2) resonance bars and duration of total call (n ϭ 6 calls/individual). Ն00 kHz; Ultra Sound Advice, London, United Kingdom) to determine whether frequencies Ͼ20 kHz were emitted.
RESULTS
The chirp call of the white-nosed coati was a high-pitched, single-syllable vocalization, emitted only while the vocalizing individual was moving from 1 location to the other (during locomotion): walking, pacing, trotting, running, galloping, jumping, and climbing. Walking was always quadrupedal, and the speed and pattern varied. Pacing was walking in a repeated pattern, back and forth, along a structure, and trotting was faster paced than either walking or pacing. Running occurred when coatis chased a bird (e.g., Sturnus vulgaris) or a fox squirrel (Sciurus niger) from the outdoor enclosure or were startled by a loud, unfamiliar sound (e.g., construction noises). Galloping, a bouncing run, was used when Ն2 coatis approached one another during play. Jumping was exhibited when coatis leapt from 1 ledge or log to another. Climbing was seen when coatis ascended stone walls of the outdoor enclosure and the cage wire of the indoor enclosure.
Coatis emitted chirp calls one at a time, immediately sequential, and never overlapping with another individual's chirp call. Chirp calls were emitted, on average, once every 2.40 s. Iteration rate more than doubled if the vocalizing individual was isolated from the rest of the group (i.e., if the individual was inside and the rest of the group was in the outdoor enclosure and vice versa). Although amplitude was not measured, chirp calls of an isolated individual were noticeably more audible.
Chirp calls were characterized by relatively high frequencies and short durations (Table 1) . Chirp calls did not differ among females regarding the lowest frequency (range ϭ 6.00-6.16 kHz), the highest frequency measured (13.30-17.66 kHz) or duration (0.15-0.18 ms). Minimum frequencies of chirps of the male were lower than the minimum chirp frequencies of 3 females (E, K, and L, z ϭ Ϫ2.590, Ϫ2.590, and Ϫ2.618, respectively; P Ͻ 0.01) but did not differ from the chirps of female D. The chirps of the male also were slightly longer in duration than the chirps of females E and L (z ϭ 2.482 and 2.166, respectively; P Ͻ 0.05).
The 1st resonance bar of the chirps generally had a steady-state energy pattern. In the 2nd resonance bar, all the coatis' chirps exhibited a rapid initial frequency increase (''on-glide'') that preceded individually unique frequency modulation patterns (Fig.  1) . The initial on-glide was followed by either a steady state energy pattern (chirps of C, E, and L), a rise in frequency (chirps of female K), or a drop in frequency (chirps of female D). The chirps exhibited consistent and individually unique frequency differentials between the 1st and 2nd reso- nance bars (z ϭ 26.228, P Ͻ 0.001). Pairwise comparisons revealed that only C and L, who both had 2 energy bands above the first 2 resonance bars, did not differ from each other in this measure. The differential between the first 2 bands of the male was less than in chirps of females D, E, and K (z ϭ Ϫ2.8321, Ϫ2.6895, and Ϫ2.8321, respectively; P Ͻ 0.01, in all cases). The differential between the first 2 resonance bars of chirps of female L also was less than in chirps of females D, E, and K (z ϭ Ϫ2.868, Ϫ2.583, and Ϫ2.868, respectively; P Ͻ 0.01). Female E had a smaller differential between the first 2 resonance bars than was seen in the chirps of females D and K (z ϭ Ϫ2.827 and Ϫ2.827, respectively; P Ͻ 0.01). A band above the 2nd resonance bar was detected in one-half of female E's chirps. The differential between female D's bands was slightly less than in females K's chirps (z ϭ Ϫ2.536; P ϭ 0.01), and the spectrograms revealed no frequency bands above the 2nd resonance bars for those females.
Female D, the largest of the females, typically chirped 8 times more often than the other females, and her pattern of emitting chirp calls was characteristic. When female D chirped, her calls were followed by chirp calls from other members of the band. For example, after 1.5-2.0 min of silence, female D would emit a series of chirp calls that was followed immediately by a chirp or series of chirps from female L, followed by a chirp or chirps from female E; then female D would chirp again, followed by a chirp or chirps from female L, and then female K would chirp, followed by 2 min of silence before female D initiated another chirp sequence.
Ultrasonic frequencies (Ͼ20 kHz) also were detected in the coatis' chirp calls. All 4 females emitted ultrasound ranging from Ͼ30 kHz to Ͻ55 kHz in their chirp calls (the male was not tested). Whether each emitted a unique ultrasonic frequency was not determined.
DISCUSSION
Coatis must maintain contact with group members if they are to travel together while searching independently for food, and this contact is made more difficult by the dense vegetation through which the animals move. The chirp call of the white-nosed coatis in this study had characteristics that indicate that it functions as a contact call. First, chirps were emitted only while moving from 1 location to another during daily activities (e.g., searching for food, exploring the enclosure), and when a coati was separated from the group, the isolated individual and the rest of the group would chirp louder while running around the enclosures. Gilbert (1973) referred to the chirp call as a ''content'' vocalization, and although chirps were emitted when the coatis were calm, it clearly was used when animals were agitated while apparently seeking contact with a group member. This indicates that the chirp may be used as a graded signal (Green and Marler 1979) .
The high frequency of chirp calls also suggests that this vocalization functions as a contact call. Wiley and Richards (1978) suggested that low frequencies (Ͻ1 kHz) travel best in forests, intermediate frequencies travel with minimal attenuation in nearly all habitats, and high frequencies are best used in open habitats. However, if the objective of a vocalizing animal is not to send a message a great distance but rather to communicate only with nearby individuals, different frequencies may be optimal (Green and Marler 1979) . The chirp call has a relatively high frequency, and components of the call appear to range above 20 kHz. In dense vegetation, these acoustic signals would travel only short distances before being attenuated or distorted (Hauser 1997) . Such frequencies would be ideal for an animal to maintain contact with nearby conspecifics while minimizing alerting predators of its presence. Morton (1977) proposed that high-frequency vocalizations may have developed from infants who, because of their small size, were only capable of communicating with their parents for food and protection using high pitched sounds. Coatis typically remain with their natal group for Ն2 years (Kaufmann 1962) , and high-frequency contact calls between group members may be derived from calls of young to their mother. Ultrasonic frequencies (Ͼ20 kHz), which were detected in the coatis' chirp calls, have been noted in vocalizations of several mammals, in-cluding raccoons (Wollack 1965) , dogs (Canis familiaris), cats (Felis catus), and least weasels (Mustela nivalis- Heffner and Heffner 1985) . Coatis can hear sounds Յ45 kHz (Peterson et al. 1969) ; thus, it is likely that these extremely high frequencies are functional call components.
The short duration (Յ0.20 s) of chirp calls would interfere with identifying the precise location of an individual, as would be required by a predator but not by a coati, who needs to know only that other group members are in the immediate vicinity. The short duration of chirps also would allow for rapid silence when required, in contrast to an extended call of several syllables. When a potential threat was detected by the coatis in this study, they would immediately cease chirping and then resume chirps when the stimulus was gone or no longer perceived as a threat. Kaufmann (1962) described a ''soft chitter'' (several syllables in length) as a contact call of white-nosed coatis, and although coatis in this study emitted a vocalization that sounded like a soft chitter, it was only in the context of allogrooming (Trudgian 1995 ; coatis in this study were N. narica but were initially identified by the Denver Zoo as N. nasua based on Honacki et al. 1982) .
Finally, the redundancy, or reiteration, of the chirp call by group members (on average, 25 chirps/min) would allow increased recognition of the signal (Wiley and Richards 1978) despite its short duration. The pattern of chirping also may convey information regarding the caller's identity. Female D called more often than other group members and appeared to initiate chirping sequences of the group. Gilbert (1973) noticed particular females in front and rear positions while traveling as a group and suggested that there is an element of leadership structure in the social system of coatis. Bernstein (1966) and Wilson (1975) stated that social animals may not exhibit hierarchies but rely on a ''control'' animal who is the focus of attention by other members in the social group and may be responsible for moderating fights and initiating defense by the group. Smith (1980) observed the potential for a control female in a captive group of coatis and noted that a control animal would be beneficial in maintaining group cohesion while traveling.
Although differences existed between individual's chirps, a chirp call was defined clearly by its maximum frequency, minimum frequency, and duration. Regarding individual differences, the male's low minimum frequency is likely a function of his larger size. This is supported by the observation that the lowest frequency of female D did not differ from the call of the male and that she was the largest female. Acoustic analyses of the coatis' chirp calls revealed that individuals could be distinguished on the basis of the differential between the first 2 resonance bars. McShane et al. (1995) also found differences among individuals in the resonance bar peaks of scream vocalizations of sea otters (Enhydra lutris). These calls function in maintaining contact between a mother and her young. Spectrograms also revealed unique patterns in frequency modulations of the 2nd resonance bar in each coati's chirp call, similar to isolation/contact calls of evening bats (Nycticeius humeralis) that exhibit distinguishable individual variations in frequency modulations (Scherrer and Wilkinson 1993) . The distinctive signature characteristics of the chirp calls of coatis may allow for individual recognition of group members and identification of a stranger's chirp. Adult male coatis typically travel alone and, except during the breeding season, will be chased away from a group by adult females or subadult males (Kaufmann 1962; Smythe 1970) . Russell (1981) documented a male coati attacking and eating several young coatis; hence, advantages of detecting and avoiding unfamiliar conspecifics are obvious. However, playback experiments are required before it can be stated unequivocally that coatis discriminate between familiar and unfamiliar contact calls.
